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It has been shown in several laboratories with the aid of isotopically labelled 
penicillin that, contrary to earlier reports, the antibiotic isbound and concen- 
trated by bacterial suspensions  (1-8). The significance of this phenomenon in 
relation to the mode of action of the antibiotic is not yet clear. Rowley et al. 
(6) found that four penicillln-sensitive  strains of Micrococcus  pyogenes bound 
considerably more penicillin than did two resistant strains of the same species, 
Escherichia  coli, or Klebsiella  pneumoniae.  However, Maass and  Johnson O) 
could find no regular difference in the penicillin  uptake of penicillin-sensitive 
and -resistant strains of Micrococcus pyogenes. 
It will be shown in the present paper that the widely divergent sensitivity to 
penicillin of a number of bacterial species (Streptococcus pyogenes, Diplococcus 
pneumonlae,  Micrococcus  pyogenes,  Streptococcus faecalis,  Escherichia  coli)  is 
related to their reactivity with the antibiotic. Further, ceil-free extracts have 
been found to differ in their combining affinity with penicillin in the same order 
as  the intact cells, and again in relation to  the penicillin  sensitivity of the 
organisms  from which they had been derived. Following papers  will consider 
the binding affinity of mammalian cells, and  of originally  sensitive  bacterial 
strains rendered resistant by serial transfers through increasing  concentrations 
of the antibiotic. 
Materials and Methods 
Radiopenicillin.--Preliminary experiments were carried out with penirill~n X  (p-hydroxy- 
benzylpenicillin), labelled with I m  by direct iodination. This material was prepared in this 
laboratory by Dr. Harry G. Steinman, whose assistance and advice in the conduct of these 
experiments is gratefully acknowledged. Most of the experiments reported in the present paper 
were carried out with S~-labelled penicillin G prepared in the Abbott laboratories by Dr. D. 
L. Tabern and his astmciates,  using labelled Na~SO4 as the precursor.  Four lots of material 
were used. Two were isolated as the K  salt, and their biological activity was 1587 units per 
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rag.  Radiochromatographic analysis indicated that penicillin G constituted more than 97 per 
cent of the biologically active material, with the rest penicillin F. The other two lots were 
isolated as the N-ethyl-piperidine salt, and assayed at 1285 units per mg. In using the latter 
material, it was dissolved at 1.25 mg. per ml. to give a  solution equivalent to 1 mg. per ml. 
of the Na salt. All the concentrations in the tables and figures are expressed in terms of the 
latter. 
The radioactivity of the four lots was 135, 275,  182, and 97 me. per gm. Na penicillin at 
the time of shipment; and at the time of the experiments the measured count per microgram 
per minute was in the range 10,000 to 200,000.  In experiments involving high concentrations 
of penicillin, the labelled material was appropriately diluted with unlabeUed Na penicillin G 
in order to conserve material. 
In order to obtain some insight into the size of the penicillin moiety which combined with 
the bacteria,  C14-1abelled penicillin was  also  studied.  The  courtesy  of  the  Squibb labora- 
tories in making this material available for study is greatly appreciated.  When carboxyl- 
labelled phenylacetic acid was used as a precursor in the biosynthesis of the antibiotic, radio- 
active penicillin G  was  obtained isotopically labelled in the carbon atom adjacent to  the 
prosthetic benzyl group. The specific activity of the sample here studied was 2.7 mc. per gin. 
Preparation of Baeter¢al Suspensions for Counting.--The  organisms used were Streptococcus 
pyogene.8 (C-203), Mizrogoccus pyogenes vat. aureus (Smith), Diplococcus pneumoniae Type 
III, Streptococcus faecalis  (Hill),  and Escherlchia coll (K12).  Three strains of Micrococcus 
pyogenes isolated from man, and varying in their penicillin sensitivity, were obtained through 
the courtesy of Dr. Maxwell Finland, and are indicated as "F" strains in Table II. None of 
the foregoing strains produced demonstrable penicillinase. Four additional strains of Micro- 
coccus, relatively resistant to penicillin, were found to produce penicillinase (cf. bottom of 
Table II). 
The bacteria were grown in a beef heart infusion medium enriched with 0.2 per cent dex- 
trose,  and further enriched with  1 to 3  per cent serum for the cultivation of Diplococcus 
pneumoniae and Streptococcus pyogenes. Unless otherwise stated, penicillin was added directly 
to the culture medium. The number of bacteria at varying intervals after admixture with 
penicillin was determined by microscopic count, and the number of viable bacterial clumps 
was simultaneously determined by plating out. In most of the experiments the initial bac- 
terial count was 40 X  106 to 100 X  I06 per cc. This relatively low count necessitated the use 
of large volumes in order to obtain sufficient amounts of bacterial sediment for analysis; but 
it permitted the experiments to be carried out under "physiologic" conditions with respect 
to bacterial metabolism and growth. In most of the experiments here described, the pH of 
the medium during the time of incubation with penicillin was maintained in the range 6.0- 
7.0, a  degree of variation which was found to cause measurable but unimportant differences 
in the amounts of penicillin bound. In most of the experiments here reported, bacteria were 
incubated with penicillin for 2 hours at 37°C. (cf. page 217). 
After exposure to the antibiotic, the organisms were centrifuged in 100 ec.  tubes in a  re- 
frigerated centrifuge, the sediment picked up in 5 to 7 cc. of the supematant fluid, and the 
final suspension recentrifuged in a  Shevky-Stafford  sedimentation  tube.  The  superuatant 
fluid was then carefully withdrawn, usually down to the bacterial sediment. In a few experi- 
ments a measured small amount of fluid was left over the bacterial layer; and in such cases, 
the appropriate correction was made for the radioactivity contributed by the residual fluid. 
The bacterial sediment was resuspended in water, usually to 10 or 20 times the volume of the 
packed bacteria; and this 5 or 10 per cent suspension was used for the determination of the 
radioactivity and dry weight of the bacterial ceils.  Duplicate 0.3 cc.  samples were placed in 
copper planchets 2.5 cm. in diameter, and dried under an infrared lamp. With staphylococci 
and Streptococcusfaecalis, such aliquots, containing 0.03 ec. of packed bacteria, usually weighed 
7 to 9  rag., and there was significant self-absorption, on the order of 25 to 50 per cent. In HARRY  EAGLE  209 
order to obtain the counts at "infinite" dilution, plates also were prepared on 1:20 and 1:50 
dilutions of the parent material.  If the activity of the original culture  suspension or  con- 
centrated bacterial sediment was too low to permit such dilution, the direct count on the 
original sample was corrected for self-absorption on the basis of previous assays. Dilutions of 
the original culture suspension and of penicillin solutions in water served to calibrate the 
disintegration counts in the bacterial sediments in terms of penicillin concentration. 
When organisms were to be washed prior to the determination of radioactivity, they were 
resuspended in  100  cc.  of fresh medium (200 to  1000  times the volume of  the sedimented 
organisms) and allowed to stand for 30 minutes at room temperature prior to recentrifugation. 
In most of the experiments in the present paper, bacteria were washed twice; no significant 
amount of radioactive material was removed on further washing. With Micrococcus pyogcnes, 
Escherickia coli, and Streptococcus/aecalis,  significant remultiplication sometimes occurred 
during the washing period, and both cell volume and weight increased. In such cases, the 
measured  radioactivity per milliliter and per milligram washed bacteria was appropriately 
corrected.  With Streptococcus pyogenes, and  less  commonly  with Diplococcus pneumoniae, 
there was often a decrease in cell volume on washing, associated with an increased dry weight 
per unit volume, but with a  relatively small change in the total weight of the washed cells. 
This probably reflects the loss of capsular material. With Diplococcus pneumoniae exposed to 
lethal concentrations of penicillin, there was more commonly a  decrease in cell volume, not 
associated with an increase in dry weight per unit volume. This was ignored in calculating 
concentrations per unit volume or per unit weight,  on  the assumption that the decreased 
bacterial volume represented lysis of some of the penicillin-treated cells. 
The radioactive material bound by bacteria from solutions of Sat-labelled penicillin could 
be penicillin itself, or an S-containing breakdown product. The weights given in the figures 
and tables for cellular "penicillin" content represent the amount of penicillin from  which 
that intracellular radioactive material was derived. 
The number of molecules of bound "penicillin" (i.e. atoms of S  a~) per organism has also 
been estimated. The concentration of penicillin in the sedimented bacteria (micrograms per 
milliliter) was divided in each case by the number of bacteria per milliliter (as determined by 
microscopic count on the original culture) to give the amount of penicillin per organism. (1 #g. 
of Na-penicillin (molecular weight 356) represents 1.7  X  10  is molecules.) This determination 
is subject to the large experimental error inherent in microscopic bacterial counts. 
The Binding  of  Penicillin  by  Gall-Free Bacterial  Extracts.--Sedimented  bacteria  were 
suspended in three volumes of water. Cell-free extracts were prepared by disrupting the re- 
suiting 25 per cent bacterial suspensions in a  Raytheon 9 kilocycle sonic osciUator,  for times 
which varied from 30 minutes( Escherickia eoli) to 2  hours (Micrococcus pyogenea). The re- 
suiting suspensions were centrifuged at approximately 20,000 R.~.M. in  the high speed head 
of the International Centrifuge (approximately 27,000 g) in order to remove unbroken cells 
and cell debris. In some experiments, the optically clear solution was then centrifuged in the 
Spinco ultracentrifuge (No. 40 head) at 40,000 R.p.x,. (68,000  to 145,000 g) for 4 to 6 hours; 
the  sedimented material was  redissolved in water  and incubated with penicillin at  37°C. 
for 2 hours. In other experiments the sonate was tested directly. In both cases, the solid con- 
tent was usually adjusted to 25 rag. per mi. The amount bound by sedimentable components 
of the cell-free extracts was determined by centrifuging the peniciliin-extract mixture in the 
Spinco ultracentrifuge for 4 to 6 hours at 40,000 R.P.M. The sediment was redissolved in H~O for 
assay, and resedimented to determine the amount firmly bound; i.e., retained after washing. 
The results have been expressed in the tables and figures as micrograms of "penicillin" per 
gram dry weight. 
The expert assistance of Miss Mina Levy and  Mr. Ralph Fleischman in the conduct of 
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EXPERIMENTAL 
A. Binding of  Penicillin by Intact Bacteria 
1. Degree of Binding in Relation to Penicillin Sensiti~ity.--When the bacterial 
strains used in the present experiment were exposed to SSS-labelled penicillin at 
0.01 #g. per ml. for a  uniform period of 2 hours, there was a  high degree of 
correlation between the amount of penicillin  taken up by the cells, and their 
susceptibility to the antibiotic (cf. Table I). With Streptococcus pyogenes the 
intracellular  concentration of S  ~5 in the unwashed bacteria averaged 66 times 
that in the outside fluid,  while with Esckerickia coli the latter ratio averaged 
0.77; i.e., the antibiotic had not been significantly concentrated by the cells. 
Washing the cells merely served to accentuate this correlation. Of the rela- 
tively large amount of penicillin  bound by the highly sensitive cells, most was 
retained after washing;  while  with Streptococcus  faecalia and Eackerichia coli 
not only were small amounts bound by the cells, but much of thi.~ was removed 
on washing.  In the five bacterial species of Table I, the LD~.9 levels of peni- 
cillin were 0.006, 0.016, 0.024, 2, and 30 ~g. per ml. The concentration of residual 
"penicillin"  after exposure to 0.01/,g.  per ml. and subsequent washing averaged 
0.51, 0.15, 0.29, 0.015, and 0.0043 t~g. per ml.; 2.7, 1.7, 1.0, 0.066, and 0.019 vg. 
per gm.; and 4100, 1740, 2200, 57, and 20 molecules per cell. 
The correlation between sensitivity and binding affinity applied not only to 
different bacterial species, but also to different strains of the same species. As 
shown in Table II,  the binding  of penicillin  by four strains  of Micrococcus 
pyogenes bore a direct relation to their penicillin sensitivity. These results thus 
confirm and extend the findings of Rowley et d. (6). Four strains of Micrococcus 
pyogene3 which inactivated penicillin,  presumably by producing penicillinase, 
bound uniformly low amounts of penicillin  (cf. Pollock and Perret (7)).  Fig. 1 
shows the satisfactory correlation between sensitivity to penicillin  (in terms of 
its LD~.0 concentration) and the amount of "penicillin" bound by the bacteria 
from a concentration of 0.01 vg. per ml. 
As  shown in  Table  III  and  Fig.  2,  the  marked  differences  in  penicillin 
binding by sensitive and insensitive  strains of bacteria were evident only after 
exposure to low concentrations  (0.001 and 0.01 /,g. per ml.).  When  the two 
relatively insensitive  species  (Streptococcus  faecalis and Eackerickia coli) were 
exposed to higher concentrations, the bound "penicillin" increased progressively 
with the concentration  in the outside medium (cf. bottom curves in Fig.  1). 
With the three highly sensitive strains, on the other hand, the relatively large 
amounts of "penicillin" bound at low concentrations had apparently saturated 
the specific combining groups, for there was only a slight increase in the amount 
bound when the penicillin  concentration in the medium was further increased 
to 0.1 ~g. per ml. At that point, all five strains had bound approximately the 
same amount of antibiotic. At yet higher concentrations of penicillin  (10, 100, 
and  1000 t~g. per ml.)  there  was a  marked  and  progressive increase  in  the HARRY  EAGLE  211 
amount bound by all five strains, regardless  of their sensitivity to the anti- 
biotic. This secondary increase presumably reflects non-specific binding, and is 
TABLE  I 
The Correlation between the Susceptibility  of Various Bazterial Species to Penicillin, and Their 
Combining  A3qnily  for  the  Antibiotic 
Bacterial cultures, in most experiments in the logarithmic phase of growth, were  exposed 
for 2 hours at 37°C. to radiopenicillin G at a  concentration of 0.01 #g./ml. The concentration 
of S 36 in the bacteria  (expressed in terms of its penicillin equivalent) was determined before 
and after washing. 
Bacterial  species 
Streptococcus pyogenes 
(C-203) 
Diplococcus pneumoniae 
Type III 
]/Iicrococcus pyogenes 
(Smith) 
Streptococcus faecalis  (Hill) 
Escherichia coli (K12) 
Relative 
LD,,.,  sensitivity 
of penicililn  to 
penicillin,: 
~g./ml.* 
0.006  165 
55  0.018 
0.024  42 
2.0  0.5 
30.0  0.033 
Concentration  of "penicillin" in bacteria 
Before  After washing 
washing 
moleades/  t+g./ml,  t+g./mL  vg./gm,  cdl 
0.77  0.82  3.28  5600 
0.55  0.33  3.0  3050 
0.44  0. 204  1.81  3750 
0.22  0.15  2.0  2700 
0.21  0.15  1.44  985 
0.446  0.31  1.06  2200 
0.35  0.276  0.97  2200 
0.34  --  -- 
0.26 
0.036  0.012  0.0,6  29 
0.035  -- 
0.0335  0.017  0.086  85 
0.033  --  --  -- 
0.013  0.0079  0.032  12 
0.0079  0.0034  0.015  29 
0.0068  --  -- 
0.0059  0.0015  0.007  19 
0.0056  --  --  -- 
0.0055  --  --  -- 
*  In an agar medium. 
Reciprocal of LDoo.9. 
probably unrelated to the bactericidal action of the drug (of. page 215). The 
contrasting behavior of peniciUin-sensitive  and -insensitive  bacterial strains 
with respect to the binding of the antibiotic is evident in Fig. 2. 
The data of Table ~  and Fig. 2 relate only to the penicillin which is firmly 
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TABLE  II 
The Correlation between the Susceptibility of Various Strains of Micrococcus pyogenes to 
Penicillin, and Their Combining A~nlty for the Antibiotic 
Bacterial cultures, in most experiments in the logarithmic phase of growth, were exposed 
for 2 hours st 37°C.  to radiopenicillin G  at a  concentration of 0.01 #g./ml. The concentra- 
tion of S" in the bacteria (expressed in terms of its penicillin equivalent) was determined 
before and after washing. Most values in the table are the average of 2 to 4 determinations. 
Strain of 
Micrococcus pyogenes 
Smith 
F13 
F12 
F138 
Mll 
F64 
F6 
F8 
LD.., of 
penicillin 
ag./ml,* 
0.024 
Concentration of "penicillin" in bacteria 
Before  After washing  washing 
ag./ml. 
0.35 
#g./ral. 
0.29 
0.32 
0.2 
0.015 
0.025 
0.05 
2.5 
Relative 
sensitivity 
to penicillint 
42 
40 
20 
0.4 
Penicillinase  pro- 
ducers:  sensiti- 
vity  to  penicillin 
indeterminate. 
0.42 
0.29 
0.48 
0.029 
0.037 
0.04 
0.014 
0.021 
0.02 
0.024 
~g./g,n.  [  molecales/cell 
1.0  2200 
1.25  850 
0.68  530 
0.063  57 
0.068  87 
0.043  70 
0.09  56 
*  In  an  agar  medium. 
Reciprocal of LD,.,. 
I0 
IJJ~ 
oJ 
_w  0,01 
~_< 
w 
F 
0.001 
I 
I  ".¢  I 
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F~o.  1.  The amounts of "penidllin"  bound by bacteria of varying sensitivity from a solu- 
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TABLE III 
Concentration  of Penicillin Bound  by Bacteria  as a  Function of Its Concentralion  in the 
Surrounding  Medium 
Bacterial cultures, in most experiments in the logarithmic phase of growth, were exposed 
for 2 hours at 37°C. to varying concentrations of radiopenicillin in a  growth medium. The 
figures in the body of the table represent the concentration of S  a~ (expressed in terms of its 
penicillin equivalent)  remaining in  the ceils after at  least 2 washings  (cf.  page 209).  The 
figures in parentheses are the average of the experimental values. 
Concentration of penicillin  in medium, tAg./ml. 
B c,eri spec,e.  I  OOl  I  0'  I  1  1,0 
Concentration of "penicillin" in washed bacteria 
#g./gm.  #g./gra.  trg./gm  #g./gm.  t~g./gm.  I~g./gra.  t~g./gm. 
~treptococcus pyo.  0.77  3.28  4.23  3.0  I0  25.6  480 
genes (C-203)  0.575  3.0  2.71  2.85  7.3  17.1  171 
0.5  1.81  2.44 
1.54 
(0.62)  (2.7)  (2.75)  (2.92)  (8.65)  (21.3)  (328) 
Diplococcus  tmeu-  0.62  2.0  2.3  2.69  7.8  82  I000 
moniae Type III  0.38  I. 44  1.42  2.0  5.65  73  820 
0.68  26  303 
(0.56)  (1.72)  (1.86)  (2.35) 
M icrococc  us  pyo-  O  . 17  1.09  4.5  7.6 
genes (Smith)  0.155  1.04  3.8  3.0 
1.0  1.86  2.1 
0.97 
(0.162)  (1.03)  (3.39)  (4.2) 
Stceptococcus  fae-  0.0017=1=  0.086  0.59 
cd/s (Hill)  0.046  0.54  2.15 
0.52  2.1 
(o.o66)  (o.55)  (2.1) 
Escherichia  coli  0.032  0.18  0.66 
(K12)  0.015  0.116  0.58 
0.0074-  0.103  0.24 
(6.72)  (60)  (708) 
I0  43  460  ' 
5.4  39  346 
5 
(6.8)  (41)  (403) 
4.4  35  166 
3.72  20  105 
(2.71)  (27.5)  (132) 
4.34  50  386 
4.1  34 
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penicillin after exposure to the antibiotic consists of three fractions: (a) freely 
diffusible penicillin, the maximum value for which is given by the fluid content 
of the bacteria, and which with most of the strains here studied, proved to be 
actively bactericidal material (cf. Table X, page 223). (b) "penicillin" bound in 
excess of the diffusible fraction, but readily removed by 1 or 2 washings; and 
(c)  "penicillin"  firmly bound. At low concentrations, most of the penicillin 
bound by sensitive cells is firmly attached to the cell and not removed by wash- 
ing (of. Table IV). After exposure to high concentrations, however, most of the 
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FIG. 2.  The amount of "penicillin"  bound by various bacterial species as a function of its 
concentration in the surrounding medium. Each point in the figure is the average of the experi- 
mental values given in Table III, and represents the penicillin equivalent of the S  :~ remaining 
in the penlcillin-treated bacteria after washing. The arrow on each curve indicates the amount 
bound at the LD~.0 concentration. 
cellular "penicillin" is either diffusible  or readily removed by washing; the 
residual bound "penicillin" is largely material which has been non-specifically 
bound by sensitive and insensitive  cells alike (of. results with penicilloic acid 
below). 
2. PenidUin Degradation  Produas.--The  specific nature of the binding ob- 
served with highly sensitive  cells at low concentrations of penicillin,  and the 
non-specific nature of the binding observed with all strains at high concentra- 
tions, was further indicated by experiments with biologically inactive degrada- 
tion products of penicillin such as penicilloic acid, penicillamine,  and penillic 
acid. Pollock and Perret (7) had found that Bacillus cereus did not bind and 
concentrate  penicilloic acid. In the present experiments also, none of the degrada- HARRY  EAGLE  215 
tion  products of penicillin  tested was concentrated  by any of the bacterial 
species.  With  penicilloic  acid,  penicillamine,  and  penillic  acid,  produced by 
treatment  with  penicilloic  acid,  hot HsSO4, and  cold HCI  respectively  (of. 
reference  9),  the  amounts  present  in  unwashed  bacteria  immediately  after 
exposure were independent of their sensivivity to penicillin,  and averaged 40 
to 80 per cent of the concentration in the outside fluid. 
The amounts of radioactive material remaining in bacteria which had been 
washed after exposure to varying concentrations of peniciUoic acid are shown 
for Streptococcus pyogenes and Escherichia coli in the dashed curves of Fig.  3. 
Even with highly sensitive strains such as Streptococcus pyogenes and Diplococcus 
TABLE IV 
The  Total and  Firmly  Bound  "Penicillin"  in  Streptococcus pyogenes and  Escher~hia  coli 
after Exposure to  Varying Concentrations of the Active Antibiotic 
Each figure in the table is the average of 2-6 experimental determinations. 
S~repgococcus 
pyogenes 
Escherichia coli 
Total  ceUular  "penicillin", 
ug./ml. 
Retained  after  washing, 
~g.lml. 
Removed  by  washing, 
#g./ml.* 
Total  cellular  "penidllin", 
I~g./ml. 
Retained  after  washing, 
P.g./ml. 
Removed  by  washing, 
lzg./ml.* 
Penicillin concentration in medium, ~g./ml. 
0.00! 
0.242 
0.185 
0.057 
0.01  0,1  1  10 
],, 
0.68  0.68  1.6  12 
0.51  {).47 0.45  1.2 
0.17  0.21  1,15  10.8 
0.009  0.0960.72  5.75 
10.0043 0.030 0.12 i  1.05 
I 
!0.00470.0650.601  4.7  123 
lOO  lOOO 
108  11275 
3.9  71 
104  1204 
128  1400 
4.67  43.,~ 
1357 
* By difference. 
pn~umoniae, which concentrated the active antibiotic as much as 50- to 200-fold, 
the non-specific binding of penicilloic acid at low concentrations was negligibly 
small in relation  to the binding of active penicillin  (cf.  left-hand  portion of 
Fig. 3). Only at concentrations in excess of 1 zg. per ml. did the non-specific 
binding of penicilloic acid become significant  in relation to that of penicillin; 
while at concentrations of 10, 100, and  1000 zg. per ml.  both materials were 
bound to the same degree,  suggesting  the non-specific  nature of most of the 
penicillin binding at those high concentrations. With an insensitive  strain such 
as Escheri&ia coli, however, penicilloic acid was bound to almost the same de- 
gree as penicillin even at low concentrations (cf. fight-hand portion of Fig. 3). A 
large proportion of the penicillin  bound by this organism  therefore represents 
non-specific binding,  even at concentrations of 0.01 and 0.1 #g. per ml. 216  PENICILLIN BINDING AND  CYTOTOXIC  ACTION 
3. The Uniform Amounts of Penicillin Bound by Bacteria at the Lethal Concen- 
tration of the Antibiotic.--The foregoing data strongly suggest that the varying 
sensitivity of bacterial  species and strains  to penicillin  is determined  by the 
similarly varying degree to which penicillin  is bound by cellular components. 
In keeping with  this  thesis,  at  the LD~.~ levels (indicated  by the arrows in 
Fig. 2) comparable amounts of penicillin were bound by four of the five species 
here studied. Although the LD~.9 levels in these four species varied from 0.006 
to 2 vg. per ml., the amount bound at those equieffective concentrations varied 
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Fxo. 3. Illustrsting the specific reactivity of penicillin-sensitive bacteria (e.g., St~eioIococcus 
pyogcnes) with low concentrations of penicillin, the non-reactivity of insensitive strains (e.g., 
Eschcrickla ¢oli), and the non-specific binding of penicillin and penicilloic acid alike at high 
concentrations. 
only from  1.7 to 4 #g. per gm., and from 1600 to 3300 molecules per cell (of. 
Table  V).  The  significantly  larger  amount  of  penicillin  bound  by the  fifth 
species,  Escherichia  toll,  probably  reflects  non-specific  binding  at  the  high 
concentrations  of penicillin  necessary to kill  this  relatively  resistant  species 
(cf.  Fig.  2). Judged by the data of Table V, the degree of combination with 
penicillin  which  is lethal  to the bacterial cell was reasonably uniform for the 
species here studied, and their varying sensitivity to penicillin may reflect only 
the varying degree to which the antibiotic is bound at a  given concentration. 
The bactericidal level in each instance would be that which must be present in 
the outside fluid in order  to effect that  degree of combination  with  the sus- 
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4. The Binding of Penicillin in Relation to the Metabolic Activity of the Organ- 
isms.mContrary to previous reports  (3,  6),  the rate at  which penicillin was 
bound and concentrated by bacteria, as well as the degree of that combination, 
was not affected by their metabolic state. 
(a) With all four bacterial species here used, and confirming the findings of 
Pollock  and  Petrel,  the  concentration  of  intracellular  penicillin  reached  a 
maximum after 2 to 4 hours at 37°C. There was no regular difference in the 
rate of binding whether the bacteria were dying under the impact of penicillin, 
rapidly multiplying at low concentrations, or approaching a  stable state in a 
TABLE V 
Sluneing That at the LDsg.g Level, Bacteria of Widely Varying Sensitivity Bind Comparable 
Amounts of Penicillin 
Bacterial species 
Streptococcus pyogenes (C-203) 
Diplococcus pneumonlae Type III 
Micvococcus pyogenes (Smith) 
Streptococcus faecalis (Hill) 
Eackeeickia coli  (K12) 
LDN., of 
penicillin 
ug./mt.* 
0.006 
0.018 
0.024 
2.0 
Relative  Concentration of "penicillin" in 
sensitivity  washed bacteria after exposure for  to 
penieillin~  2 hrs. at 37 ° to LD~9.9 
30.0 
165 
55 
42 
0.5 
0.033 
0.39 
0.19 
0.42 
0.84 
2.1 
molecules/ 
t.,g./gm.~  ceZZll 
2.5  3300 
1.8  1600 
1.7  20O0 
4  24O0 
10.3  21000 
* In  an  agar medium. 
Reciprocal of LDg,.s. 
§ By graphic interpolation (of. Fig. 2). 
][ Using average and approximate values of 1.3, 1.9, 1.4, 2.8 and 0.85 X 10  a for the num- 
ber of washed bacteria per gram dry weight for the 5 bacterial spedes here studied, and 
1.7 X 101  s as the number of penicillin molecules  per microgram. 
fully grown culture (cf. Table VI).  However, as shown in the last vertical col- 
umn of that table, the fixation of penicillin was greatly retarded at icebox tem- 
peratures. With either Micrococcus pyogenes,  Streptococcus faecalis or Diplococ- 
cus pneumoniae, less penicillin was bound within 6 hours at 2°C. than had been 
fixed within 1 hour at 37°C. 
(b)  Table VII compares the amount of penicillin bound in 2 hours (1) by 
bacteria exposed to penicillin in a growth medium during the logarithmic phase 
of growth; (2) by bacteria centrifuged and resuspended in so small a volume of 
medium as to form a "resting" suspension in which there was no further multi- 
plication, or by bacteria in 24 hour cultures, in which  the number of viable 
bacteria had reached a  stationary level; and  (3) by bacteria sedimented and 
resuspended in salt solution, in which there was no demonstrable multiplication 
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difference in the amount of penicillin bound by the various suspensions; the 
degree of penicillin binding was essentially independent of the metabolic state 
of the organisms at the time of admixture with penicillin. 
(c) As shown in the following section, cell-free extracts bound penicillin to the 
same degree as did the intact and multiplying organisms. The implication is 
clear that the binding of the antibiotic is not contingent upon the presence of 
an  actively metabolizing  cell. 
TABLE VI 
The Rate of Binding of Ponld~lln in Relation to Its Concentration and 
the Temperalure of lncubaffon 
(Showing that the binding is not related to the continuing multiplication of the bacteria.) 
Bacterial species 
Microcoecus pyogenes 
var. aureus 
Diploeoccus  pneumo- 
niae Type III 
Streptococe~ fae~aUs 
Concen- 
tration  ol 
pen!citlin 
m 
medium 
9g./mL 
o.  oos:~ 
o.1§ 
0.0o5~ 
0.o2~ 
II 
O.lt 
Concentration of "penicillin" in bacteria after indicated time* 
of incubation 
At 37°C.  ]At 2-5"C. 
I 
O* hr. 
~g./ml. 
0.066 
0.59 
0.025 
0.075 
0.075 
0.16 
1 hr. 
~g./r~t. 
0.153 
0.096 
0.093 
0.093 
0.35 
2hrs. 
~g./mL 
0.265 
0.8 
0.17 
0.12 
0.108 
0.41 
4 hrs. 
~g./ml. 
0.4 
0.15 
0.13 
0.096 
0.5 
6 hrs. 
t~g./ml. 
0.37 
0.15 
0,21 
0.114 
0.72 
8  hrs--  6 hrs. 
~g./ml.  [ pg./ml. 
0.17 
0.32 
I 0.048 
0.097 
0.18 
* Time required to sediment bacteria in refrigerated centrifuge  not included in incubation 
period. 
Organisms growing out in subinhibitory concentrations to reach stabilized maximum 
population during period of incubation. 
§ Bacteria progressively  dying during period of exposure. 
II Culture diluted periodically in fresh peuicillin-broth in  order to keep organisms in 
logarithmic state of growth throughout the period of exposure. 
B. Tke Binding of Penicillin by Cell-Free Extracts 
The trypanocidal activity of a series of arsenoso compounds has been shown 
to be directly related to the amounts of arsenical bound by the organisms (I0). 
In that situation there was some evidence that the widely varying parasiticidal 
activity rested on the varying permeability of the cells to the several com- 
pounds. In order to ascertain whether a similarly varying permeability of the 
various bacterial species to penicillin was  the factor which determined their 
sensitivity, penicillin was  added to cell-free sonic extracts, and  the amount 
hn,  md hv the sedimentable components of those extracts was determined by HARRY  EAGLE  219 
ultracentrifugation (c.f. page 209).  The results are shown in Table VIII. In 
general, the amounts of penicillin bound, and retained after washing, were of 
the same order of magnitude as those bound by the homologous intact cells, 
and again varied in relation to the penicillin sensitivity of the organisms.  In a 
solution containing 0.01 gg. per ml. of radiopenicillin,  the sedimentable com- 
ponents in extracts of Streptococcus  pyogenes,  Diplococcus  pneumoniae,  Micro- 
coccus pyogenes,  Streptococcus  faecalis,  and gsckerickia  coli  bound 1.04, 1.02, 
1.36, 0.196, and <  0.001 pg. per gm., respectively (cf. Table VIH), as compared 
TABLE  VII 
Showing That the Metabolic Stale of Bacteria Does Not Materially Affect Their Ability 
to Concentrate Penicillin 
Bacterial species 
Streptococcus pyogencs 
Diplocoecus pneumonlae Type III 
Micrococcus pyogencs var. aure~ 
Streptocoecusfaccalis 
Concentration 
of penicillin 
in medium 
pg./ml. 
0.001 
0.05 
0.1 
0.05 
0.1 
100 
0.1 
0.25 
100 
Bacterial concentration of "penicillin" 
after 2 hrs. at 37"C., using 
24 hr. cultures : 
with large 
Bacteria in  stabilized 
logarithmic  populations, 
phase of  or young 
growth  cultures con- 
centrated by 
centrlfugation 
m./~.  m./ml. 
0.09 
0.19 
0.19-0.34  0.26 
0.57  0.62 
0.72-1.9  0.8 
113-155  101-208 
0.32-0.41  0.27 
0.88  0.56-0.57 
130-189  80-263 
Heav  7 
Suspenslons 
in salt 
solution 
~g./mt. 
0.124 
0.14 
0.18--0.19 
0.78 
0.65 
80--87 
0.39 
0.88-0.91 
116--128 
with 2.7, 1.7, 1.0, 0.066, and 0.018 #g. per gin. for the intact cells. As with the 
intact bacteria, the correlation between the penicillin sensitivity of the parent 
organism and the binding activity of the cell-free extract was observed only 
with  the biologically  active antibiotic,  and  only at  low  concentrations. As 
iUustmted in Fig. 4 for Streptococcus  #yogenes  and Micrococcus  pyogenes,  on 
inactivation with penicillinase, the specific reactivity with extracts of sensitive 
cells disappeared, and all the species tested bound the inactivated material to 
the same degree, in proportion to its concentration in the surrounding fluid. At 
high concentrations of penicillin, e.g. 10 to 100 gg. per ml., there was non-specific 
binding by extracts of all  the strains,  regardless  of their sensitivity, which 
was  quantitatively equivalent to  the  binding  of penicilloic  acid  (cf.  Table 220  PENICILLIN  BINDING  AND  CYTOTOXIC  ACTION 
TABLE VIII 
The Binding of Penicillin by Cell-Free Sonic Extracts 
Cell-free sonic extracts of the various bacterial species,  diluted to contain 25 rag. of solid 
per cc., were incubated for 2 hrs. at 37"C.  with the indicated concentrations of radioactive 
penicillin. The mixture was then ultrscentrifuged in the S-40 head of the Spinco ultracentri- 
fuge (40,000 R.P.,~. -- 68,000  to 144,000 g.)  for 5  to 6  hrs., the sedimented material redis- 
solved in water, and  recentrifuged preliminary to the determination of radioactivity. The 
S  ss content of those sediments are expressed in the table in terms of their penicillin equivalent 
per gram dry weight. The figures in parentheses are the averages of the experimental values. 
Bacterial  species 
g,g../gm. 
Streptococcus  pyogenes  7.5 
(C-203)  0.115  1.15  5.57  7.35 
0.082  1.03  5.08  5.34 
0.082  0.93  4.05  3.45 
Concentration  of penicillin in fluid, ttg./ml. 
0.001  [  0.01  0.1  1  ]  IO  [  lO0 
Concentration  of "penicillin" in the sedlmentable components of 
treated bacterial extracts 
izg./gm.  I~g./gm.  ~g./gm. 
(0.093)  (1.04)  (4.9)  (5.91) 
I~g./gm.  lag./gm. 
9.7  32.4 
9.4  29.5 
(9.6)  (32) 
Oiplococcus  pneumoniae  1.49 
Type HI  0.147  1.08 
0.112  0.8 
0.085  0.7 
4.57  5.61  12.2  103 
2.33  4.55  7.0  97 
2.25  3.74  6.8 
~icrococc~  t~yoge~s 
(Smith) 
(0.115)  (1.02) 
0.117  1.69 
0.103  1.38 
0.051  1.02 
(3.05)  (4.63)  (8.67)  (lOO) 
7.88 
2.86  6.8  7.06  56 
2.05  3.61  6.2  37 
2.9  5.1 
2.0 
~treptococcus  fcecalis (Hill) 
0.094) 
0.0295 
0.016 
(1.36)  (2.46)  (3.8)  (6.56)  (46) 
0.226  1.94  4.27  7.22  21 
0.207  1.92  4.26  5.37  17 
0.156  1.86  3.53  4.4  17 
F,  scks~hla coli (K12) 
(0.023)  (0.196)  (1.90)  (4.0)  (5.66)  (18) 
<0.001 
0.0093  0.27  2.73 
<0.001  0.0090  0.21  1.62 
<0.001  0.008  0.14  1.25 
22 
11 
3.4 
(0.0087)  (0.21)  (1.87)  (12.1) HARRY EAGLE  221 
VIII and Fig. 4), and which obscured the specific binding of penicillin evident 
at low concentrations. 
C. The Binding of Ct4-Labelled Penicillin 
The  radioactive  material  bound  by  bacteria  and  bacterial  extracts  from 
solutions of S*5-1abelled penicillin  is not necessarily penicillin as such, but an 
S35-containing  moiety which may be a relatively small portion of the penicillin 
molecule.  In  order  to  obtain  additional  information  on  this  point,  binding 
u~  S.PYOGENES 
"'~  o.,  ~  /~mCILLOm 
m uJ  /  ACID  / 
i-  0.01  / 
co  /  i._ tn 
ZlJ. 
,;.,  ;  ,;  3E 
M.PYOGENES 
I  I  I  I  a  I 
0001  001  0.I  I  I0  I00 
•  =I  CONCENTRATION  OF PENICILLIN  OR  PENICILLOIC 
ACID  IN  MEDIUM. MIGROGRAMS/ML. 
FIG. 4.  Illustrating the specific binding of penicillin from low concentrations by sonic ex- 
tracts of penicillin-sensitive organisms, and the non-specific  binding of penicillin and pen- 
icilloic acid alike at high concentrations. 
experiments  were carried out with  CX~-labelled penicillin.  The position of the 
labelled carbon in the penicillin molecule relative to that of the sulfur is indi- 
cated  in  the  following formula. 
4t 
s 
.  /\ 
CeHsCH2CONHCH--CH  C  (CI"I~)2 
I  I  I 
O=C  N  CHCOONa 
Because of the relatively low radioactivity of the carbon-labelled antibiotic it 
was necessary to expose bacteria to 0.1 ~g. per ml. in order to obtain measurable 
amounts in the cell. As seen in Table IX all three bacterial species tested bound 222  PENICILLIN  BINDING  AND  CYTOTOXIC  ACTION 
equivalent amounts of O 4- and S3~-labelled material from solutions of penicillin. 
This suggests that the material bound by bacteria, and retained after wash- 
ing, is a  major fraction of the penicillin molecule, containing both the  sul- 
fur atom and the carbon atom proximal to the benzyl group. 
TABLE IX 
Skou~ing That Bacteria Were Labdled  to an Equi~odcnt Degree on Exposure to C  t4- and 
~-Lahelled Penic~lin 
Numbers in the body of the table represent the penicillin equivalent of the radioactive 
material bound by bacteria  from solutions  containing  0.1 pg./ml, of labelled  penicillin. 
Bacterial  species 
Streptococcus  pyogenes 
Micrococcus pyogenes 
Streptococcus  faecalis 
"Penicillin" bound by bacteria from solution at 0.1 #g./ml. 
Before washing  After washing 
C14-1abelled  SILlabelled 
~g,/gm.*  ~g./gm.* 
3.36  3.44 
5.7 
3.74  4.48 
4.6  3.84 
5.64 
5.54 
1.14  1.44 
1.2  1.47 
1.22 
Cl4-1abelled  SU-lsbolled 
pg./gm.*  ~g./gm.* 
2.71  2.44 
4.23  1.54 
3.8  1.86 
4.5 
0.57  0.7 
0.59  0.54 
* Radioactivity of bacteria, expressed in terms of its penidUin equivalent per gram dry 
weight. 
DISCUSSION 
The data here reported indicate that the widely differing susceptibility to 
penicillin of a number of bacterial species, and of strains within the same species, 
is determined by the similarly varying reactivity of the cells with the anti- 
biotic. Intact bacteria bound and concentrated penicillin in relation to their 
penicillin sensitivity. These differences in the amounts of penicillin bound were 
not due to the differing permeability of the bacteria, since cell-free extracts 
also combined with penicillin, and again in relation to the sensitivity of the 
parent cell. At the LD99.9 concentration of penicillin, all but one of the bacterial 
species here studied contained approximately the same concentration of anti- 
biotic, varying between 1.7 and 4 pg. per gin. and 1600 to 3300 molecules per 
cell. One may therefore set up as a working hypothesis that in bacterial species 
of widely varying sensitivity a  uniform degree of combination with penicillin 
is necessary in order to inactivate the vulnerable cell components. Under these HARRY EAGLE  223 
circumstances,  the bactericidal concentration  is that  which must be present 
in  the  surrounding  medium  in  order  to  effect the requisite  fixed  degree of 
combination. 
The large differences in the amounts of penicillin bound from low concentra- 
tions by bacterial species of varying sensitivity could be due to inherent dif- 
ferences  in the reactivity of one or more cellular  components with the anti- 
TABLE X 
Illustrating  the Intracdlular Destrurticn  of Penicillin  by Eseherichia coli (KI2) and the 
Perslstence of Biologically Active Penicillin in Other Strains 
Bacterial cultures in the logsrithraic phase of growth were exposed  to i  t~g./ml,  of SsL 
labeUed penicillin. After 2 hrs. at 370 the organisms were centrifuged and the packed sediment 
resuspended in 20 volumes of dextrose broth. After I hr. at room temperature, the organisms 
were removed by centrifugation, the supematant  fluid was sterilized by filtration through a 
glass filter and  assayed  (a)  for total "penicillin", i.e. the penicillin equivalent  of the S  8~ in 
the eluate,  and  (b)  for its antibacterial  activity, using Streptococcus  pyogenes as the test 
organism (12). 
Bacterial species 
Escherichia coli (K12) 
Micrococcus pyogenes (F138) 
Streptococcus  recalls 
Micrococcus pyogenes (F12) 
Micrococcus pyogene,  s (F13) 
Micrococcus pyogenes (Smith) 
LDm.o 
penicillin 
/=g./ral. 
30.0 
2.5 
2.0 
0.05 
0.025 
0.024 
Total 
',penicill;n,, 
elated, 
ug./ml, bacteria* 
52.Oll 
0.83 
0.8 
0.93 
0.80 
1.14 
Biologically  active 
penicillin eluted 
ug./ml.  Per cent of 
bacteria$  total eluate§ 
<0.2  <0.4 
0.79  95 
0.65  81 
0.95  100 
0.86  100 
0.95  83 
* S  ss in eluate, expressed  in terms of its penicillin equivalent. 
:~ Determined by assay of bactericidal activity, with Streptococcus pyogenes as test organism. 
§ On the assumption that the eluate contained fully active penicillin and totally inactive 
degradation products. 
[[ With Escherichia coli, the organisms were exposed to 100 #g./ml. instead of 1 as with 
the other strains. 
biotic. However, it could also reflect the varying ability of the cells to degrade 
the penicillin  to an inactive form which would not be bound; and the fact that 
none of the cell spores and strains under consideration produced extracellular 
penicilllnase does not exclude that possibility. As shown in Table X, Escho/ch/a 
¢oli  (K12)  did  in  fact  inactivate  the  diffusible  intracellular  penicillin  to  a 
marked degree; and that destruction adequately explains  the relatively small 
binding  affinity of this  organism for the antibiotic,  and  its resistance  to its 
bactericidal action. However, none of the other strains studied was significantly 
active in this respect; and their varying sensitivity to penicillin apparently does 
not rest on differences in their ability to degrade the drug. The working hypothe- 224  PENICILLIN  BINDING  AND  CYTOTOXIC  ACTION 
sis  is  therefore suggested that  with  these organisms,  penicillin  sensitivity is 
related to the reactivity of one or more vulnerable cell components with the 
antibiotic. 
It is by no means clear that penicillin, even at extremely low concentrations, 
reacts only with the specific cell components responsible  for the death of the 
organism.  Experiments  now in progress  indicate that  a  large portion of  the 
penicillin  bound by bacteria or by cell-free extracts is associated with protein 
components of the cell. A large number of different cellular proteins could have 
a similar  reactivity with penicillin,  but only a few of these proteins might be 
both vital to the cellular economy and inactivated by that combination. If this 
were the case, the penicillin uptake would be determined by a large number of 
cellular  components,  and  not  only  the  specific  components  (e.g.  enzymes), 
which on inactivation by penicillin  cause the death of the cell. On this basis 
also, penicillin  could inactivate functionally dissimilar  components in different 
cell species. 
One of the most striking properties of penicillin is its relative non-toxicity for 
the mammalian host. If, as here postulated, its cytotoxic activity is determined 
by its combination with vulnerable cell components, and if the penicillin-com- 
bining affinity of the entire cell or of a crude cell extract serves as an approxi- 
mate  measure of the amounts  bound by these vulnerable  components,  one 
would anticipate that mammalian cells, and extracts of those cells, would have 
an extremely low reactivity with penicillin.  As will be reported in a following 
paper (11), this has proved to be the case. 
Although  the present data strongly suggest that  the sensitivity of various 
bacterial ceils to penicillin  is determined by the varying degree to which they 
combine with the antibiotic, there are two major difficulties with that concept. 
One is the fact that, as will be described in a following paper (11), the penicillin- 
resistant variants of normally sensitive cells, produced by serial passage through 
increasing  concentrations of antibiotic, sometimes retain  their a~nity for the 
antibiotic.  A  second  difficulty is  the  fact  that  bacteria  may  combine  with 
amounts of penicillin far in excess of those which are bound at the bactericidal 
concentration,  without necessarily dying as  the  result  of  that  combination. 
Non-multiplying bacteria have been here shown to combine with penicillin  to 
essentially the same degree as do organisms in the logarithmic  phase of growth. 
The former are, however, not killed by that combination. Further, when such 
treated  bacteria  are  resuspended  in  a  penicillin4ree  growth  medium,  they 
eventually resume multiplication  at  a  normal  rate  without however having 
given up the bound antibiotic in the interim.  Clearly, the binding of penicillin 
alone does not suffice to initiate  the bactericidal effect.  Not only must  the 
antibiotic be bound, but the cell must be in a  medium which permits active 
metabolism, and the antibiotic must be continuously present in the surrounding 
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A  possible explanation  may be that  although  the  treatment  of "resting" 
cells with penicillin does inactivate one or more vital cell components, when the 
treated but still viable cells are placed in a suitable penicillin-free medium, they 
may quickly resynthesize amounts of these materials adequate for survival and 
growth, either from the medium itself or from intracellular stores of precursor 
substances. However, if penicillin  is present, the vital components are inacti- 
vated as fast as they are formed, and in their continued absence the cell ulti- 
mately becomes non-viable. Under these circumstances,  the binding of penicillin 
by resting bacteria would not suffice to bring about their death; the bacteria 
would have to be exposed to the antibiotic during a period of active metabolic 
activity. 
It is conceivable that penicillin may act, not by combining with vital cellular 
components (e.g.  enzyme proteins)  as discussed above, but by acting as an 
abnormal metabolite which is incorporated into those components. However, 
without further assumptions, it does not account for the similar reactivity with 
penicillin  of actively multiplying cells, resting cells, and of cell extracts. 
SUMMARY 
1.  Bacteria exposed to C  t4- or SSMabelled penicillin bound and concentrated 
the antibiotic. The amount bound from low concentrations (0.001 to 0.01 #g. 
per ml.) was related to the penicillin sensitivity of the strain; and highly sensi- 
tive organisms  such as Streptococcus  pyogenes  concentrated  the antibiotic as 
much as 200-fold. The material bound by highly sensitive strains from these 
low concentrations of penicillin was removed to only a minor extent by washing. 
Penicillin  inactivated with penicillinase,  by hot H2SO~ or by cold HC1 was not 
similarly  concentrated. 
2. Despite wide differences in their sensitivity to penicillin,  at equieffective 
(LD~.9)  levels,  four of the  five strains  here  studied had  bound comparable 
amounts of antibiotic. That lethal intracellular concentration averaged 1.7 to 
4 ~g. per gin., and 1600 to 3300 molecules per cell. 
3.  Bacteria in  the logarithmic  phase of growth,  "resting"  organisms,  and 
cell-free  sonic  extracts,  had roughly the same reactivity with penicillin.  The 
differences in the amount of penicillin bound by bacteria of varying sensitivity 
therefore do not rest on differences in the permeability of the cell. 
4.  dEscherichia coli  (K12)-inactivated penicillin  within the cell;  and that in- 
activation adequately explains  its low binding affinity,  and its relative  resist- 
ance. The other species here studied inactivated the diffusible cellular  penicillin 
to only a minor degree, and not enough to explain the differences in their penicil- 
lin-sensitivity.  The working hypothesis is suggested that their varying sensitiv- 
ity is instead determined by differences in the reactivity of vital cell components 
with the antibiotic. 
5.  At high concentrations of antibiotic (1 to 1000 vg. per ml.), there was non- 226  PENICILLIN BINDING AND  CYTOTOXIC  ACTION 
specific binding by all the cell strains and cell extracts here studied, unrelated 
to their sensitivity, and masking the specific differences in reactivity noted at 
low concentrations. At these high levels, penicilloic acid was bound to the same 
degree as the active antibiotic. 
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